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Background: In the absence of visual input, the question arises as to how complex spatial abilities develop and
how the brain adapts to the absence of this modality. As such, the aim of the current study was to investigate the
relationship between visual status and an important brain structure with a well established role in spatial cognition
and navigation, the caudate nucleus. We conducted a volumetric analysis of the caudate nucleus in congenitally
and late blind individuals, as well as in matched sighted control subjects.
Results: No differences in the volume of the structure were found either between congenitally blind (CB) and
matched sighted controls or between late blind (LB) and matched sighted controls. Moreover, contrary to what was
expected, no significant correlation was found between caudate volume and performance in a spatial navigation
task. Finally, consistent with previously published reports, the volume of the caudate nucleus was found to be
negatively correlated with age in the sighted; however such correlations were not significant in the blind groups.
Conclusion: Although there were no group differences, the absence of an age-volume correlation in the blind suggests
that visual deprivation may still have an effect on the developmental changes that occur in the caudate nucleus.
Keywords: Blindness, Caudate nucleus, Spatial navigation, Volumetric MRIBackground
Spatial cognition and the ability to properly navigate in
one’s environment are believed to result from the contri-
bution of several subcortical structures such as the hippo-
campus (HC) and the caudate nucleus (CN). This is well
documented in rats, for instance, as place learning in-
volves two different memory systems subserved by the
HC and the dorsal striatum (particularly the caudate
nucleus) [1-3]. In the early phases of learning, the HC is
involved in the rapid acquisition of spatial information,
allowing for rats to reach a target from any starting pos-
ition [1]. The dorsal striatum is involved in a slower learn-
ing process [4] that relies on rewarded stimulus–response
(S-R) behaviour [3,5], i.e. gradually learning particular
body turns in response to stimuli, which allow the rats
to reach a target location from one starting point [6]. A simi-
lar segregation has been observed in humans. Functional* Correspondence: franco.lepore@umontreal.ca
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reproduction in any medium, provided the orMagnetic Resonance Imaging (fMRI) studies have shown
that tasks requiring spatial representations preferentially
activate the HC, while tasks not requiring a particular
`spatial strategy activate mainly the CN [7,8]. Moreover,
gray matter density in these structures is found to cor-
relate with specific navigational strategies [9]; subjects
who were qualified as “spatial learners” had significantly
more grey matter in the HC and less in the CN com-
pared to “response learners”.
Given the importance of vision and visual cues for
spatial navigation and wayfinding, the absence of the vis-
ual modality raises questions on not only the ability to
navigate in one’s environment without vision but also on
the anatomical and functional consequences to the brain
structures involved in such learning. Despite the absence
of visual inputs, blind individuals are nonetheless able to
properly orient themselves and navigate in space [10,11].
To date, three studies have examined the effects of vis-
ual loss on the structural integrity of the HC [11-13].
While initial results may have seemed at odds with each
other, with Fortin et al. [11] finding an increase in volumed. This is an open access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
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finding a decrease in volume in the posterior portion, a
subsequent study by Lepore et al. [13] actually confirmed
both sets of findings, suggesting that following blindness
there is a shift of the neuronal population towards the
anterior portions of the hippocampus compared to
sighted individuals. Importantly, however, little is
known about the consequences of visual loss on the
structural anatomy of the CN. Interestingly, in our pre-
vious study [11], where both blind and sighted subjects
were asked to learn new paths in a human-size labyrinth
(i.e. route learning task), most subjects anecdotally reported
using a ‘response learners’ strategy where they attempted
to sequentially recall the series of right and left turns that
were required to properly follow the taught route. Indeed,
previous work has not only shown the blind to possess
superior serial memory for sequences [14], but that they
also construct mental representations of paths via serial
memorization of segmented inputs from each location
along the path [15]. Moreover, crucial to our hypothesis
formulation, recent data has in fact shown that route
learning abilities in young and older adults are positively
correlated to CN volume [16]. Therefore, given the above
mentioned findings, we hypothesized here that blind in-
dividuals would not only possess larger CN relative to
their sighted counterparts, but also that the volume
would be significantly related to previously obtained be-
havioral measures in the blind [11]. To address this, using
the MRI scans previously obtained in the aforementioned
hippocampus volumetric study [11], we performed volume
measurements of the CN in congenitally blind, late blind
and matched sighted controls. We furthermore wanted toTable 1 Subject demographic information
Subjects Age Sexe Onset D
EB1 19 M 0
EB2 22 M 0
EB3 46 F 0
EB4 35 M 0
EB5 39 M 0
EB6 31 M 0
EB7 35 M 0
EB8 22 F 0
LB1 24 F 17
LB2 40 M 21
LB3 47 F 27
LB4 22 M 16
LB5 57 M 33
LB6 42 M 15
LB7 47 F 20
The ‘Onset’ column refers to the age at which the subjects lost their sight. The ‘Dur
The ‘LP’ column indicates whether subjects still had any residual light perception.assess whether known associations with the caudate
volume would also hold true in blindness. For instance,
in normally-sighted individuals, the caudate volume is
known to decrease with age [17,18], and there are con-
flicting reports on how the caudate and hippocampal
volumes covary with one another [9,19,20]. The latter
investigation is especially pertinent to the present study,
given the previously established relationship between
hippocampal volume and route learning performance.
Methods
Subjects
Thirty participants, with no history of neurological, cog-
nitive or sensory-motor deficits, other than blindness in
the case of the blind participants, took part in the study
and were divided into four groups (see Table 1 for
demographic data on the blind participants). The first
group (n = 8) consisted of congenitally blind (CB) individ-
uals (age: 31.1 ± 9.5 y; gender: 6 m/2 f; 7 right-handers),
while the second group (n = 8) were sighted (SCB) partici-
pants (age: 31.4 ± 9.4 y; gender: 6 m/2 f; 7 right-handers)
paired for age, gender, education and laterality, as assessed
by the Edinburgh Handedness Inventory [21]. The third
group (n = 7) consisted of late-blind (LB) individuals
(age: 39.9 ± 12.7 y; gender: 4 m/3 f; 6 right-handers) who
all lost their vision after 14 years of age (age of onset:
21.28 ± 6.55 y). The last group (n = 7) were sighted par-
ticipants (SLB) matched with the LB individuals (age:
40.3 ± 13.4 y; gender: 4 m/3 f; 6 right-handers). The re-
search protocol was approved by the ethics committees
of the Center for Interdisciplinary Research in Rehabilita-
tion, which coordinates in the Province of Quebec researchuration LP Causes of blindness
19 Yes Leber’s congenital amaurosis
22 No Leber’s congenital amaurosis
46 Yes Rubella
35 No Retinal detachment
39 No Retinitis pigmentosa
31 No Congenital glaucoma
35 Yes Leber’s congenital amaurosis
22 No Retinal detachment
7 Yes Glaucoma
19 No Unknown
20 Yes Ischemic retinopathy
6 Yes Retinitis pigmentosa
24 Yes Medical accident (retina damage)
27 No Congenital cataracts and glaucoma
27 No Glaucoma and aniridia
ation’ column refers to the number of years that the subjects have been blind.
Figure 1 Segmented caudate nucleus. Segmented caudate nuclei
in both the sagittal (top panel) and coronal plane (bottom panel;
brown = left caudate; green = right caudate).
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Nazareth & Louis Braille, by the Research Center of the
Institut Universitaire de Gériatrie de Montréal, where
the testing was carried out, by the Centre Hospitalier de
l’Université de Montréal (CHUM), where the MRI scans
were collected, and by the Université de Montréal,
where the project originated. All participants provided
written informed consent prior to testing.
Image acquisition and analysis
For each participant, MR images were previously acquired
(see [11]) on a Siemens 1.5 Tesla Magnetom Vision MRI
scanner (Siemens, Erlangen, Germany) at the Notre-Dame
Hospital (CHUM). All images were acquired in high reso-
lution (1 × 1 × 1 mm, T1-weighted 3D) with a sagittally
oriented echo sequence (TR: 1100; TE:4.38; flip angle
of 15; 256 × 256 matrix and FOV:250).
The raw structural files were first corrected for non-
uniformities [22], and then registered into standard stereo-
taxic space based on the MNI 152 template [23]. This
transformation results in an alignment along the AC-PC
axis and accounts for individual differences in global
brain size and shape. The images were then classified
into different maps of gray matter, white matter, and
cerebrospinal fluid (CSF) [24]. This procedure included
the removal of all extracranial tissue, dura and the cere-
bellum. The resulting brain images were subsequently
non-linearly registered and used to compute labels for
the CN with the software ANIMAL [25], using each
subject’s classified maps. ANIMAL generates labels by
multiplying the voxel values of the templates of the CN
with each voxel’s value across the individual grey matter
maps (values of 1 for grey matter, 0 for either white matter
or CSF). Manual corrections and volume assessments were
performed by a trained rater (PV) to correct for gray-white
matter boundaries and partial volume effects using the
software package DISPLAY, developed at the Montreal
Neurological Institute [26,27]. DISPLAY allows simultan-
eous viewing and navigating of brain volumes in cor-
onal, sagittal, and horizontal orientations in 1mm slice
intervals. Figure 1 illustrates the resulting segemented
caudate nucleus in one of the subjects.
Following the manual corrections, the reliability of the
measurements was ascertained by obtaining estimates
of both the intra-rater reliability and inter-rater reliability.
The intra-rater intra-class reliability coefficients were 0.971
(left CN) and 0.988 (right CN), and were obtained by
the original rater (PV) re-measuring the CN volume in
four randomly selected MRI scans, with at least two months
elapsing between consecutive measurements. The inter-
rater intra-class reliability coefficients were 0.926 (left CN)
and 0.942 (right CN), and were obtained by two raters
(PV and MF) measuring caudate volumes independently
in eight randomly selected MRI scans.Behavioral route learning task
The task is described in greater detail Fortin et al. [11].
Briefly, the route learning task was performed as follows:
subjects were asked to memorize a traveled route within
a human-size labyrinth, guided by an experimenter, and
then had to follow the same path alone on five subsequent
trials while trying to make as few errors as possible; when
mistakes were made, subjects were instructed to stop
and were repositioned by the experimenter in the correct
direction. Sighted subjects performed the task blindfolded.
Four different routes were tested of increasing difficulty:
with six, eight, ten and twelve decision points to memorize.Results
Volumetric analyses
Separate analyses were performed for both blind groups
since they were not matched with one another. A first
two (group: CB and SCB) by two (hemisphere) repeated
measures ANOVA revealed that there was no significant
group effect (F = 0.034; p = 0.856), no effect of hemisphere
(F = 0.241; p = 0.631), nor a significant group x hemisphere
interaction (F = 0.314; p = 0.584). A second two (group: LB
and SLB) by two (hemisphere) repeated measures ANOVA
did reveal a significant hemisphere effect (F = 6.995; p =
0.021) as the right caudate was found to be larger than
the left one (see Figure 2); however the group effect
(F = 2.659; p = 0.129) and the group x hemisphere inter-
action (F = 0.465; p = 0.508) were non-significant.
Figure 2 Group effect on caudate volume. Illustrated here are the
caudate volumes for each hemisphere for all four groups. The top
panel contrasts the CB and the SCB, while the bottom panel
contrasts the LB and the SLB. Error bars represent the standard error.
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We correlated caudate volumetric measurements with
several other measures to address aforementioned hypoth-
eses. Both sighted control groups were pooled together, as
there is no a priori reason to not consider them along a
continuum of individuals with normal sensory experience.
Regression analyses involving the blind groups were
performed with both groups pooled together, as well as
separately since both groups have differential experience
with the visual modality.
We first ascertained whether or not caudate volume
would be predictive of performance on a spatial navigation
task. The task is briefly explained above, and entailed the
learning of 4 different routes of increasing difficulty within a
human size labyrinth. Previously, the size of the right hippo-
campus was shown to be predictive of performance. For a
more detailed description of the task and of the findings,
please see Fortin et al. [11]. As previously done, we chose to
use the performance of each subject (number of errors) on
the most difficult route as regressors in correlational
analyses with caudate volume. However, contrary to what
was observed with the hippocampus, no such correlationbetween performance and caudate volume was observed
when correlating both measures across all participants
[lCN (r = 0.011; p = 0.955); rCN (r =−0.144; p = 0.447)].
We also investigated the relationship between the total
caudate volume and the total hippocampal volume previ-
ously measured in the same subjects (Fortin et al., [11]).
We found no significant correlation between the volumes
of both structures in any of the groups [CB (r = −0.263;
p = 0.529), LB (r = 0.078; p = 0.869), Sighted (r = 0.242;
p = 0.385)].
Lastly, we examined whether age at testing was related
to CN volume. As seen in Figure 3, caudate volume was
inversely correlated with age for sighted subjects [lCN
(r = −0.737; p = 0.002); rCN (r = −0.804; p < 0.001)]. How-
ever, this relationship was much weaker and did not reach
statistical significance either for the CB [lCN (r = −0.388;
p = 0.342); rCN (r = −0.353; p = 0.391)] or for the LB [lCN
(r = −0.485; p = 0.367); rCN (r = −0.405; p = 0.367)]. When
pooling both blind groups together, given the similar
correlation coefficients, the correlation coefficients became
smaller and remained non-significant [lCN (r = −0.331;
p = 0.229); rCN (r = −0.200; p = 0.475)]. A direct compari-
son of the correlation coefficients between the sighted
and the blind, using Fisher’s z-transform, shows that
they are significantly different from one another for the
right caudate (z = 2.20, p = 0.026); the difference for the
left caudate failed to reach statistical significance how-
ever (z = 1.47, p = 0.142).
Discussion
The primary goals of the present study were: 1) to
address whether or not the CN volume is affected in
blindness, 2) to ascertain if it plays a role in the superior
wayfinding abilities of blind individuals. Importantly, we
also investigated the role played by the age of blindness
onset on the CN (by separately comparing CB and LB to
groups of sighted controls). Lastly, we also investigated
whether blindness would alter associations the caudate
volume has with hippocampal volume (disputed) and age.
Effect of blindness
The CN volume was not significantly different in the CB
compared to matched sighted controls (SCB). However,
while Figure 2 seems to indicate that the CN is larger in
the LB compared to the SLB, this difference did not
reach statistical significance, possibly due to the small
subject sample and high variability. The latter contrast
also revealed a significant effect of hemisphere, with the
right caudate being larger than the left for each group.
This hemispheric asymmetry is consistent with previous
research showing that the right caudate tends to be
larger than the left caudate, irrespective of gender and
laterality [28,29]. It is however unclear to us why this
asymmetry was not found for the CB-SCB contrast.
Figure 3 Effect of age on caudate volume. Illustrated here are the correlations between the age of the subjects and the caudate nucleus
volume in the sighted (SI – top panel) and blind (AB: all blind subjects combined – bottom panel) subjects respectively. While there is a
significant negative correlation between both measures in the sighted, indicating an age-related decline in caudate volume, the correlation in the
blind (both CB and LB combined) is much weaker and did not reach statistical significance.
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asymmetry is exacerbated with aging. Such a hypothesis is
however speculative and remains to be further explored.
We also chose to compare the CN measurements with
those of previously obtained hippocampal measurements
[11] in an attempt to address inconsistencies in the litera-
ture. Here we show that both measures are uncorrelated
in all groups. This is in marked contrast to two separate
lines of findings. The first stems from a previously men-
tioned study investigating the neural correlates of spatial
navigation and showed that the size of both structures
are negatively correlated with one another [9]. This in-
verse correlation is consistent with the authors’ findings
of the hippocampus being larger in ‘spatial’ learners and
of the CN being larger in ‘response’ learners. The second
line of evidence stems from work investigating the effect
of aging on cortical and subcortical structures, which has
shown the volume of both the hippocampus and the CN
to correlate with one another [19,20]. However in the
latter studies, the correlation coefficients were modest
(ranging between 0.24 and 0.4) and likely reached statis-
tical significance due to the large sample sizes (> 65).
Interestingly, the correlation found here in the sighted
was also of 0.24 (though with a much smaller sample
size), indicating a certain level of agreement between
both datasets. It remains nonetheless difficult to recon-
cile our findings with those of Bohbot et al. [9], where anegative correlation was found. Consequently, the cur-
rently available data does not paint a very clear picture
of the relationship between caudate and hippocampal
volume. As such, further investigation will be required
to elucidate the nature of the volumetric relationship,
should one actually exist.
The present finding of an age-related decline of caudate
volume in the sighted subjects was expected and is con-
sistent with previous reports [17,18]. Surprisingly however,
no such relationship was found in the blind. Furthermore,
the strength of the age – caudate volume relationship was
shown to be significantly different between the blind and
the sighted for the right caudate, suggesting that blindness
does perhaps affect the caudate volume in a more subtle
manner than anticipated. The absence of a significant rela-
tionship in the blind appears to, at least partly, result from
the fact that the CN volume in the older LB individuals isn’t
reduced compared to the CB (see Figure 2). It would there-
fore appear that the loss of sight after puberty alters the nor-
mal developmental time-course of the age-related decline in
caudate volume. The absence of an age-volume relationship
in the blind could also possibly result from differential visual
inputs into the tail of the CN via corticostriatal connections
with extrastriate visual areas [30,31].
Taken together, the present findings indicate that the
CN is not a beneficiary of compensatory plastic changes
in blind individuals, as is the hippocampus [11,13] and
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numerous published reports showing that occipital brain
function (see [32]) and occipital neuroanatomical changes
[33] appear to underlie superior abilities in a wide-range
of non-visual perceptual and cognitive domains. The
present null finding might be due to the CN’s heteroge-
neous functionality which is largely motor-learning re-
lated, and for which there is little evidence of measured
enhancements in the blind population. In contrast, the
hippocampus’ primary functions are related to memory
and spatial encoding, both for which the blind have
been shown to develop superior abilities in [10,11,32].
The visually deafferented occipital cortex however, ap-
pears to underlie a variety of enhanced perceptual and
cognitive skills in the blind. As such, given that route
learning is but one of many functions subtended by the
CN, it is possible that it is insufficient to drive substan-
tial compensatory changes following visual deprivation.
Relation to task performance
Given the nature of the spatial navigation task, where a
prominent strategy for success was to sequentially recall
the series of right and left, we had hypothesized that the
CN would be a likely structure to be called upon, and
that its volume would be predictive of performance as
previous studies have shown [9]. Unexpectedly however,
the CN volume was not at all predictive of performance.
This finding was of course unexpected given the nature
of the task and the known association between the type
of task used and grey matter volume in the CN. Import-
antly though, it is worth pointing out that volume does
not always correlate with performance in spatial naviga-
tion tasks, but rather correlates with strategies as previ-
ously underlined [9]. This was highlighted in a recent
study where the hippocampal volume was found to correl-
ate only with the use of spatial memory strategies, and not
with performance on a navigation task [34]. Consequently,
the absence of a correlation might simply reflect the use
of differential strategies across our subject sample when
performing the route learning task. However, without
quantitative data on the strategies used by the partici-
pants, it is unfortunately difficult to explain the lack of a
correlation with more certainty. Future work should
take care in assessing the strategies used by the partici-
pants to address these unanswered questions.
Conclusions
The present data suggest that compensatory plasticity in
blindness does not extend to sub-cortical structures in
the striatum, as the CN was found to be equal in volume
between sighted and blind subjects (although a statisti-
cally non-significant increase was observed in the LB
relative to sighted controls), and did not correlate with
performance on of the route learning task. Evidently,further investigations are required in order to better
understand the role visual deprivation plays in shaping
the neuroanatomy of the CN, and how this interplays
with route learning abilities.
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